Introduction
The kidney plays a role in glucose homeostasis by promoting gluconeogenesis in addition to glomerular glucose filtration, tubular glucose reabsorption, and glucose consumption. Glucose derived from the diet is reabsorbed in the intestines via the sodium-glucose co-transporter (SGLT) 1, and then, approximately 90% of the glucose filtered via the glomeruli is reabsorbed by SGLT2 in the apical membrane of the S1 and S2 segment of the proximal tubules, while the remaining 10% is reabsorbed in the S3 segment via SGLT1. 1, 2 The expression of SGLT2 has been reported to be regulated by TGF-β, IL-6, TNF-α, protein kinase A, and protein kinase C [3] [4] [5] and the messenger ribonucleic acid levels of SGLT2 have been shown to be increased in obese Zücker rats. 6 However, it has not yet been clearly elucidated whether the SGLT expression is influenced by angiotensin II receptor blockade.
The kidney releases approximately 20% of the total systemic glucose, according to the results of an isotope-labeled glucose study. 7 The extent of glycogen storage and glycogenolysis in the kidney is negligible, and most of the glucose released
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Tojo et al from the kidneys is regulated by the balance between gluconeogenesis, tubular glucose reabsorption and renal glucose consumption. The kidneys use glucose at a rate of 100 µmol/min (26 g/day) in the post-absorptive state in humans. 7, 8 Under normal conditions, 80%-90% of gluconeogenesis takes place in the liver, while the kidney is responsible for 10%-20% of this process. In contrast, under conditions of starvation the glucose supplied by the liver via glycogenolysis remains available for 12-18 hours and the proportion of gluconeogenesis carried out by the kidneys is increased to 40%-50%. 9, 10 Lactate is a major precursor of the products of renal gluconeogenesis, accounting for 50% of the renal gluconeogenesis observed in the postabsorptive state in humans, while glutamine, glycerol, and alanine account for 20%, 6%, and 2%, respectively. 9, 11, 12 A recent study utilizing microdissected human proximal tubules demonstrated that glutamate and lactate have the same capacity as substrates of gluconeogenesis in the S1 segment, while lactate functions as the major substrate in the S2 and S3 segments. 13 Renal gluconeogenesis is regulated by the levels of insulin and catecholamines as well as the effects of acidosis and starvation, whereas glucagon has a greater effect on hepatic gluconeogenesis. [14] [15] [16] Notably, the mechanisms underlying gluconeogenesis regulation by the renin-angiotensin system have not yet been thoroughly elucidated.
In patients with type 2 diabetes mellitus, the amount of glucose released from the kidneys is increased by 300%, compared to 30% in the liver, which results in an equal contribution to net glucose production between the liver and kidneys. 17 Renal glucose uptake is also increased in type 2 diabetes mellitus, 17 and the inhibition of SGLT2 subsequently lowered the plasma glucose levels to a significant degree. 18 It has also been reported that angiotensin receptor blockers (ARBs) inhibit the onset of diabetes, 19 although the mechanism underlying this process has not yet been clarified. Therefore, in order to elucidate the anti-diabetic mechanisms of ARB, we investigated the effects of ARBs on the SGLT expression and renal gluconeogenesis in diabetic rats.
Methods

animal experiments
Female Sprague Dawley rats weighing 180-200 g (Charles River Laboratories, Shizuoka, Japan) were fed with free access to tap water and a standard rat diet. Diabetes was induced via a single tail vein injection of streptozotocin (STZ; 60 mg/kg body weight; Sigma-Aldrich Co, St Louis, MO, USA) (diabetic rats, n=14) diluted in citrate buffer, pH 4.5; the control rats (n=7) were injected with an equal volume of citrate buffer. Two weeks after STZ injection, we started experiments when the plasma glucose level was more than 200 mg/dL at 9 am under fed conditions with glucosuria of 4+. Seven of the DM rats were treated with telmisartan (3 mg/kg/day in drinking water, Boehringer Ingelheim, Ingelheim, Germany), as described previously. 20 Two weeks later, 24-hour urine and blood samples were collected on the first day with free access to water and food and the second day without food for 24 hours. The blood pressure was measured with an abdominal catheter using a transducer under anesthesia with pentobarbital (50 mg/kg body weight). After measuring the blood pressure, the right kidney and the liver were removed under euthanasia with pentobarbital and immediately frozen and used for Western blotting, while the left kidney and a slice of the liver were immersed in periodate-lysine-paraformaldehyde solution and embedded in wax for the immunohistochemical studies. All procedures were conducted in accordance with the Guidelines for Animal Experimentation of the Faculty of Medicine, The University of Tokyo and approved by the Medical Experimental Animal Ethics Committee of the University of Tokyo (P10-079).
intravenous insulin tolerance tests
Intravenous insulin tolerance tests (ITTs) were performed to assess the degree of insulin resistance. Glucose (0.7 g/kg body weight) and rapid insulin (0.175 unit/kg body weight) were injected through a jugular vein catheter, and blood samples were obtained on order to measure the glucose levels at 0, 2, 4, 6, 8, 10, 20, and 30 minutes after glucose-insulin injection. The extent of insulin resistance was evaluated according to the K index of ITT using the formula below. 21 K ITT = 0.693/t 1/2 ×100 (%/minute) (1)
Western blotting
As described in detail previously, 20, 22 the whole kidneys were homogenized with a tissue homogenizer in a 5-fold volume of 20 mmol/L Tris buffer with proteinase inhibitors, followed by centrifugation at 4°C and 5,000 g for 15 minutes. The supernatants were centrifuged at 48,000 g for 60 minutes at 4°C to separate membrane fractions from cytosolic fractions. Then samples were diluted in the same volume of sodium dodecyl sulfate buffer, and samples containing 50 µg of protein were resolved on a 4%-20% gradient gel (Daiichi Pure Chemicals, Tokyo, Japan) and electroblotted to polyvinylidene fluoride membranes. The membranes 
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angiotensin receptor blocker and renal gluconeogenesis were subsequently incubated with 5% non-fat dried milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) followed by overnight incubation with rabbit polyclonal antibodies for SGLT2 (Abcam, Tokyo, Japan), glucose-6-phosphatase (G6Pase) (Abcam), or phosphoenolpyruvate carboxykinase (PEPCK) (Abcam) at 1:500 dilution. Then, the membranes were incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody against rabbit immunoglobulin G (IgG; Dako Denmark A/S, Glostrup, Denmark) at 1:1,000 dilution, and the bands were detected by diaminobenzidine (DAB, 8 mmol/L) with 0.01% H 2 O 2 and 3 mmol/L of NiCl 2 . As loading control, the membranes were incubated with anti-beta actin antibody (Abcam), and processed as mentioned above. The density of the bands was analyzed using the National Institutes of Health Image software program (version 1.63).
immunohistochemistry
Tissue specimens embedded in wax were processed for immunohistochemistry, as previously described. 23 Sections (2 µm in thickness) were dewaxed and incubated with citrate buffer (pH 6) at 100°C for 20 minutes in order to retrieve the antigens and then sections were incubated with 3% H 2 O 2 and blocking serum followed by polyclonal antibodies against SGLT2 (Abcam), G6Pase (Abcam), or PEPCK (Abcam) at 1:200 dilution. The sections were subsequently incubated with an HRP-conjugated secondary antibody against rabbit IgG (Dako Denmark A/S) at 1:50 dilution, and HRP labeling was detected using DAB reaction. The sections were then counterstained with periodic acid-Schiff staining before being examined under a light microscope. Two sections from each animal were stained at the same time with concurrent processing, and evaluated using the unlabeled blind procedure.
Pre-embedding immune electron microscopy
Kidney sections of 50 µm in thickness were cut with a vibratome and processed for the pre-embedding electron microscopic immunoperoxidase procedure, as previously described. 24, 25 Briefly, the sections were incubated with polyclonal antibodies against SGLT2 (Abcam) at 1:100 dilution, and then, incubated with an HRP-conjugated secondary antibody against rabbit IgG (Dako Denmark A/S) in 1:50 dilution, followed by DAB reaction. The sections were embedded in epoxy resin, and ultrathin sections were observed on a transmission electron microscope (H-7000; Hitachi Ltd, Tokyo, Japan).
Measurement of the glucose, hba 1c , insulin, glucose-6-phosphate, glycogen, and protein levels
The glucose levels in the blood, urine, and renal cytoplasm were measured using the Glutest Pro R device (Arkray Factory, Shiga, Japan). In addition, the glycated hemoglobin (HbA 1c ) level was measured using the DCA 2000 plus system (Bayer Medical, Tokyo, Japan). The glucose-6-phosphate level in the renal cytoplasm was measured according to the instructions for the Glucose-6-Phospate assay kit (Abcam), and glycogen level in the liver cytoplasm was measured according to the instructions for the glycogen assay kit (BioVision, Milpitas, CA, USA). Meanwhile, the plasma insulin level was measured using a rat insulin assay kit (Morinaga, Yokohama, Japan), and the protein concentration was determined according to a Bio-Rad protein assay (Bio-Rad Laboratories Inc., Hercules, CA, USA).
Statistical analysis
The data are expressed as the means ± standard error. An analysis of variance (ANOVA) with the Bonferroni post hoc test was used for statistical comparisons with a normal distribution. A P-value of ,0.05 was defined as indicating statistical significance.
Results
Physiological data and fasting plasma glucose levels
The STZ-induced diabetic rats showed a significant reduction in body weight and increase in both proteinuria and creatinine clearance, while telmisartan treatment significantly reduced the proteinuria and systolic blood pressure (Table 1 ). In addition, the increased fasting plasma glucose levels observed 
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Tojo et al after 24 hours of starvation in the diabetic rats were significantly reduced by telmisartan treatment, whereas the casual plasma glucose levels measured at noon under free access to food did not show any differences between the untreated diabetic rats and the diabetic rats treated with telmisartan ( Figure 1) . Interestingly, telmisartan treatment resulted in a significant decrease in the level of urinary glucose excretion during the 24-hour starvation period as well as under the conditions of free access to food. In contrast, elevated HbA 1c levels in diabetic rats were not reduced significantly by telmisartan treatment.
SglT2 expression in the kidneys
The SGLT2 expression in the kidneys was investigated in the diabetic rats using pre-embedding electron microscopy. It is possible to distinguish the nephron segments of S1 to S3 of proximal tubules with electron microscopy. Consequently, immunoreactivity for SGLT2 was detected strongly at the brush border membrane in the S1 segment of the proximal convoluted tubules, as identified by a thick brush border and cell body, and in the S2 segment, as recognized by a thinner brush border and prominent basal digitation. The S3 segment of the proximal straight tubules, which exhibited the thickest brush border and cuboidal cell bodies, was negative for immunoreactivity against SGLT2 (Figure 2, upper panel) . Meanwhile, the SGLT2 expression in the proximal convoluted tubules was more significantly enhanced in the diabetic rats than in the control rats on immunostaining and Western blotting of the membrane fraction of the kidney homogenates (Figure 3 ). Immuno-electron microscopy revealed staining for SGLT2 at both the brush border membrane and in some apical vesicles in the diabetic rats (Figure 2 , lower panel). Furthermore, ARB treatment suppressed the SGLT2 expression in the brush border membrane of the proximal convoluted tubules.
renal gluconeogenesis
We investigated the expression levels of restriction enzymes for renal gluconeogenesis after 24 hours of starvation. Consequently, PEPCK was found to be expressed in both the proximal and distal tubules, with an increased expression in the diabetic rats according to immunostaining and a Western blot analysis. Meanwhile, treatment with telmisartan reduced the renal PEPCK expression (Figure 4) . The other restriction enzyme for gluconeogenesis is G6Pase, which was faintly expressed in the control kidneys, whereas its expression was increased in the diabetic rats. Telmisartan treatment subsequently restored the G6Pase expression to the control level ( Figure 4) . Furthermore, the renal cytoplasmic glucose-6-phosphate and glucose concentrations were significantly higher in the diabetic rats than in the control rats, and telmisartan treatment reduced the renal cytoplasmic glucose levels to the control range ( Figure 5 ).
glycogen storage and gluconeogenesis in the liver
The hepatic PEPCK expression and the extent of glycogen storage in the liver was increased in the diabetic rats and subsequently reduced by telmisartan therapy (Figure 6 ). However, the hepatic glucose-6-phosphate and glucose levels did not differ significantly among the three groups after 24 hours of starvation ( Figure 5 ).
insulin sensitivity
In order to evaluate the degree of insulin sensitivity, intravenous insulin-glucose injection tests were performed.
The plasma glucose levels reached a peak at 2 minutes after insulin-glucose injection and returned to baseline after 30 minutes in the control rats, whereas they were continuously elevated in the diabetic rats (Figure 7) . Telmisartan treatment ameliorated the poor insulin-sensitivity to almost control level. Furthermore, the KITT values, an index of insulin sensitivity, were significantly lower in the diabetic rats than in the control rats and were subsequently returned to the control level by telmisartan treatment (Figure 7 ).
Discussion
In this study, we demonstrated that renal gluconeogenesis and renal glucose reabsorption via SGLT2, hepatic gluconeogenesis and glycogen storage and insulin resistance were increased in the diabetic rats, and they were returned to normal level by treatment with telmisartan. The anti-diabetic The renal cytoplasmic glucose-6-phosphate and glucose levels were significantly increased in the DM rats compared with those observed in the control rats. ARB treatment subsequently suppressed the renal cytoplasmic glucose levels. The hepatic glucose-6-phosphate and glucose concentrations after 24-hour starvation did not show significant change among the three groups. *P,0.05, † P,0.01 versus control, ‡ P,0.05 versus DM. n=5-7 in each group. Abbreviations: arB, angiotensin receptor blocker; DM, diabetes mellitus.
effect of telmisartan became obvious after 24-hour starvation, and plasma glucose level in the diabetic rats was significantly lowered by the treatment with telmisartan associated with suppression of renal cytoplasmic glucose level via reduction of renal gluconeogenesis and SGLT2 expression.
We demonstrated that the proximal tubular expression of SGLT2 was increased in the diabetic rats. However, in cultured tubular cells, it has been reported that the SGLT2 activity is suppressed by high glucose levels 26 and that the cellular glucose uptake is reduced by the effects of oxidative stress and protein kinase C (PKC). 27 Similar to the results obtained in the current in vivo studies of an early-stage type 1 diabetes model, several studies have demonstrated an enhanced SGLT2 expression in the kidneys in both type 1 and type 2 diabetic animal models. 6, 28 Furthermore, proximal tubular cells obtained from human type 2 diabetes patients have been shown to exhibit an increased SGLT2 expression. 29 In the present study, electron microscopic immunocytochemistry revealed staining with the SGLT2 antibody in some apical vesicles in the diabetic rats, thus suggesting the regulation of SGLT2 by membrane recycling.
In the current study, we were unable to detect any significant immunoreactivity for SGLT1 in the kidneys (data not shown). It has also been demonstrated that the SGLT1 messenger ribonucleic acid and protein levels are increased in STZ diabetic rats, 30, 31 and restored by insulin treatment. 31 In this study, the expression of SGLT2 in the kidneys was suppressed by treatment with ARB telmisartan. In a previous in vitro study of the intestinal mucosa, angiotensin II suppressed the SGLT1 expression. 32 On the other hand, the renal angiotensin II levels are increased under condition of diabetes, 20 and angiotensin II suppresses the H + -ATPase activity, 33 resulting in reduced membrane recycling of SGLT2 in the proximal tubules. Furthermore, angiotensin II has been reported to increase the SGLT2 expression in the kidneys in hypertensive rats, while ARB treatment suppresses the expression. 34 In the present study, the ARB telmisartan reversed the increased SGLT2 expression levels in the kidneys and contributed to a reduction in the fasting plasma glucose levels.
Renal gluconeogenesis is responsible for 20%-25% of glucose production, while the proportion of liver gluconeogenesis is 75%-80% after overnight fasting under normal conditions. 9, 10 In the current study, the hepatic PEPCK expression and the extent of glycogen storage in the liver were significantly higher in the diabetic rats than in the control rats ( Figure 6 ). However, hepatic cytoplasmic glucose-6-phosphate and glucose levels did not change significantly 
Notes:
The plasma glucose levels were continuously elevated at 30 minutes after insulin-glucose injection in the diabetic rats (black square in A), whereas they returned to normal control level (triangle) in the diabetic rats treated with telmisartan (open circle). The K values of insulin tolerance tests were significantly lower in the DM rats (black bar) than in the control (white bar); this trend was reversed back to the control level by telmisartan treatment (hatched bar). *P,0.01 versus control, † P,0.01 versus DM. n=4 in each group. Abbreviations: arB, angiotensin receptor blocker; DM, diabetes mellitus. after 24-hour starvation. The hepatic glucose production has been reported to be increased in diabetic rats compared with control rats due to glycogenolysis, but not hepatic gluconeogenesis, 35 and the hepatic glucose production due to glycogenolysis does not continue after 24 hours of starvation.
In this study, the hepatic PEPCK expression was increased in diabetic rats, which may be explained by the decreased insulin levels observed in this model, as the hepatic PEPCK level is increased by glucagon and cortisol and suppressed by insulin. Renal gluconeogenesis has a more important role 
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angiotensin receptor blocker and renal gluconeogenesis under fasting conditions, accounting for up to 40%-50% of systemic glucose production, 9,10 whereas the rate of renal gluconeogenesis increases by approximately 300% in subjects with diabetes versus controls, using glutamate and lactate as substrates. 9, 10, 17 In the present report, the levels of renal restriction enzymes for gluconeogenesis, including PEPCK and G6Pase, were significantly increased in the diabetic kidneys on both immunohistochemistry and Western blotting (Figure 4) . The mechanisms underlying the inhibitory effects of telmisartan on enhanced gluconeogenesis in the diabetic kidney are not clear. However, as angiotensin II stimulates gluconeogenesis, 36 an elevated renal angiotensin II expression may increase the rate of renal gluconeogenesis in the diabetic kidney, and thus, ARB treatment reduces the extent of renal gluconeogenesis and renal cytoplasmic glucose level. In contrast to hepatic gluconeogenesis regulated by glucagon and insulin, renal gluconeogenesis is regulated to a greater extent by the effects of acidosis and starvation. 37, 38 As angiotensin II suppresses the activity of H + -ATPase in the kidneys, 33 the renal intracellular pH may become acidic in the diabetic rats, thereby resulting in enhanced renal PEPCK production, while ARB therapy may reduce the PEPCK expression by blocking the action of angiotensin II in regulating the intracellular pH. Recently, a pH regulatory unit was detected in the promoter region of PEPCK in the kidneys. 38, 39 Further research is therefore necessary to clarify the mechanisms underlying the effects of ARBs on renal gluconeogenesis.
It was interesting to note that the glucose-lowering effects of ARB therapy became apparent after 24 hours of starvation whereas the casual plasma glucose and HbA 1c levels did not display any significant changes in this study. These findings are consistent with the clinical observation that ARB treatment does not appear to strongly reduce the glucose level. Renal gluconeogenesis plays an important role in maintaining the plasma glucose level under conditions of starvation; therefore, the inhibition of PEPCK and G6Pase by telmisartan actually reduced the fasting plasma glucose levels in the current study. In contrast, when the rats were given free access to food, the casual plasma glucose levels did not differ significantly between the untreated diabetic rats and the diabetic rats treated with telmisartan. Meanwhile, the rate of urinary glucose excretion was significantly reduced under feeding conditions in the diabetic rats treated with telmisartan. This finding may be explained by the improvement in insulin sensitivity induced by telmisartan. Telmisartan has a PPAR-γ agonist action that regulates carbohydrate and lipid metabolism and also exhibits anti-inflammatory and anti-oxidative effects, thereby ameliorating insulin sensitivity. [40] [41] [42] In the present study, we observed a reduction in the degree of hepatic glycogen accumulation induced by telmisartan, which is consistent with the findings of a previous report in which telmisartan improved the extent of nonalcoholic steatohepatitis in rats. 43 The various effects of telmisartan including the reduction of renal gluconeogenesis, suppression of the renal SGLT2 expression, inhibition of hepatic glycogen accumulation, and improvements in insulin sensitivity, may contribute to its ability to ameliorate glycemic control in diabetic rats.
Angiotensin II receptor blockade by valsartan also reduces the plasma glucose level by decreasing the hepatic PEPCK expression and increasing the muscular GLUT4 expression in STZ-induced diabetic rats. 44 Therefore, the plasma glucose-lowering effects of ARBs are not specific to telmisartan. Further studies are thus required to clarify the molecular mechanisms underlying the effects of telmisartan on glycemic control.
In conclusion, the angiotensin receptor blocker telmisartan reduced renal cytoplasmic glucose level via suppression of SGLT2 expression and renal gluconeogenesis in the diabetic rats, thereby reducing the fasting plasma glucose levels under conditions of starvation, in which renal gluconeogenesis usually contributes to approximately half of normal glucose production.
